Abstract-Wireless body area networks (WBANs) will take on more diverse forms in terms of their sensor combinations and communication protocols as their presence is extended to a greater number of monitoring scenarios. This paper presents an application layer protocol that solves issues caused by sensor nodes that must compete for high speed, real-time communication with the receiver. Such applications emphasize the delivery of large amounts of raw data from different sensor nodes in a time-synchronized manner, rather than channels that experience intermittent operation. An example of tracking pulse wave velocity (PWV) is introduced in this paper, where high-precision PWVs are estimated with the help of timeline recovery and feature extraction processes in MATLAB.
Diverse and creative application-layer schemes can be designed and evaluated for various WBAN scenarios. This paper presents a WBAN that emphasizes high-resolution raw data, real-time operation, and time synchronization of intrasensor data and inter-sensor waveforms. The WBAN requires a high-speed wireless connection that is always alive over the desired data acquisition period, as opposed to most WBAN applications, which allow periodic sleep modes. This type of WBAN transfers large amounts of raw data to a base station, where heavy signal processing is implemented. The demonstrative application in this paper is to precisely calculate pulse wave velocity based upon the small transit times of blood volume wavefronts between two sensor nodes at the wrist and fingertip, while larger scale tests are pending and the results are not verified against commercial medical equipment.
II. BACKGROUND

A. Pulse Wave Velocity Estimation
The authors recently presented a method to use two custom pulse oximeter sensors to estimate PWV from one hand [7] . The task was to extract several PWV values using waveform features from different stages of the cardiac cycle, given that time-varying intravascular pressures create timevarying PWVs. The pulse oximeter units used for this study provide high-fidelity photoplethysmograms (PPGs) sampled at 240 Hz per channel [8] . However, due to high PWVs and the relatively short distance between the measurement locations (the wrist and the corresponding fingertip), the number of valid PPG data points acquired during this small time window was limited.
B. IEEE 802.15.4 MAC Layer
The carrier sense multiple access with collision avoidance (CSMA/CA) method is adopted in the IEEE 802.15.4 MAC layer. The CSMA approach requires transmitting nodes to first listen to a channel and then transmit only if the channel is idle; the collision avoidance mechanism improves CSMA performance by dividing the communication channel equally among all nodes in the collision domain. Utilizing this method in a WBAN with only one channel ensures that each sensor node has an equal opportunity to upload data, and each successfully transmitted data segment can be synchronized with the lost data segments from the other nodes. Since ZigBee (the wireless standard utilized by the custom pulse oximeters) is based on IEEE 802.15.4, this approach is employed here.
III. METHODS
A. Study Description and Network Setup
The experimental setup is similar to the earlier study [7] but improves on the approach by • forming a star-topology WBAN with a single receiver and a single communication channel, • doubling the sensor sampling frequency to 480 Hz, theoretically doubling the resultant resolution, and • using a curve fitting method over several cardiac cycles to build a more representative PPG segment, since PPG behavior statistically repeats over time. The pulse oximeter sensor nodes transmit their own samples continuously (in real time), letting the CSMA/CA algorithm decide which sensor communicates to the receiver during a certain time slot. Data streams received from pulse oximeter sensor nodes are therefore fragmented, but these fragmented data segments are 'geared' together in a real-time manner. Note that since this approach aims to extract features from pulsatile high-resolution signals, the missed segments can be rebuilt afterwards. Fig. 1 illustrates a star-topology ZigBee network with two sensor nodes (S1 and S2) and one receiver (Coordinator). Sensor-node frames are received by the Coordinator with equal probability. Each sensor has a unique MAC address, which can be identified by the Coordinator, so the frames sent by S1 and S2 are illustrated differently. Each frame is originally assigned a sequence # to help address the issue of lost and wandering frames (see Fig. 1 ). Lost frames are unrecoverable because each sensor node only attempts to transmit a frame once to ensure real-time operation. Wandering frames can be rearranged by a computer, which receives frames from the Coordinator via a serial port. 
B. Issue 1: Lost and Wandering Frames
C. Issue 2: Timeline Distortion
The second issue is caused by the asynchronization of the frame sending and receiving rates. For example, if S1 and S2 each competitively transmit 240 frames per second, the Coordinator does not necessarily receive a sum of 240 frames in one second. Experiments indicate that the number of received frames depends on the frame length.
To address this issue, the inner timers in the sensor nodes and the Coordinator are identical. Such timers trigger events like transmitting a frame or generating a ticket, as shown in Fig. 2 . A Ticket Counter inside the Coordinator increases by 1 when the Ticket Generator produces a ticket and decreases by 1 when a received frame consumes a ticket. This Ticket Counter number is appended to each frame to assist the follow-on timeline restoration process. Continuing the thought, if the Ticket Counter value decreases by 10 in one second (the tickets are over-consumed), the Coordinator has received an extra 10 frames in one second, which means the timeline will be expanded given the assumption that 240 frames corresponds to one second. A correction factor of 0.96, calculated from 240/(240+10), should then be applied to the received-frame timeline. 
D. Frame Field Definition
Frames are assembled on the application layer of the wireless communication protocol. Fig. 3 contains the frame field definitions for the sensor nodes (lower) and the Coordinator (upper). Each sensor frame carries data for two samples: their AC values and the corresponding DC value for the pair. The frame begins with the acknowledgement value returned from the previous transmission function and ends with a checksum. When the Coordinator receives a sensor frame, it adds an ID (mapped to the unique MAC address), a Ticket Count, and a new checksum. 
E. Timeline Restoration in MATLAB
The frames finally stream to a MATLAB interface on a computer, where all the "heavy" signal processing tasks are implemented. Task 1 is to arrange the frames from each sensor node in ascending order and fill the gaps with 'placeholder' frames -the positions that correspond to lost frames. Since a sequence # is defined to be one byte long (see Fig. 3 ), the frame search window is assumed to be within [-127, 128] . Fig. 4 shows the frame sequence #s in the received order (blue crosses) and the time-aligned sequence #s (red dots) for one sensor. The original sequence illustrates that frame wandering occurs frequently. The number of placeholder frames (assigned with sequence # = -1) between data segments is the length of data segments from other sensor nodes in the original sequence, and it will be equal to the actual number of lost frames in the recovered sequence if the frame search method did not miss any wandering frame. Fig. 4 . Original data stream with sequence #s in the received order (blue crosses) and the recovered time-aligned sequence (red dots). Placeholder frames are assigned negative sequence #s.
In Fig. 4 , the recovered sequence has obviously deviated from the trend of the original sequence at around the 1300 th frame (placeholder frames are counted). This phenomenon relates to timeline distortion. In other words, in this example, the timeline is expanded, or tickets are over-consumed. One way to recover the timeline is to use the correction factor calculated from the Ticket Count. Another method is to perform a linear regression on the delay relative to the expected sequence #, as illustrated in Fig. 5 . A reference frame has the expected sequence #; it could be a placeholder frame. The expected sequence # increases by 1 for each time step, returning to 0 after reaching the maximum. This approach estimates the relative delay of every frame, especially the reference frame, which is used to adjust the synchronization of the frame streams from different sensor nodes in a statistical manner.
IV. PULSE WAVE VELOCITY ESTIMATION
A. Decomposition of the Sensor Data Streams
The PWV application involves two sensor nodes placed at the wrist (node 1) and the corresponding fingertip (node 2). PWVs are calculated from the time differences between these two PPGs. The first step is to separate the two sensor data streams based on their IDs. Fig. 6 plots two example waveforms in their received order; the data points with negative values represent placeholder frames. 
B. Timeline-Recovered Waveforms
Sequence #s are utilized to time-align data points for each sensor node. The rearranged results are depicted in Fig. 7 . This time, data points with negative values are from placeholders corresponding to lost frames. Synchronization will be addressed in Section IV.D. 
C. Defragmentation and Curve Fitting
Although the PPG data points for node 1 (blue dots) are connected with lines in Fig. 7 , they are actually fragmented or composed of small data segments. I.e., the sequence # is not continuous, which is also indicated by the points with negative values. To eliminate the discontinuities, a peak detection algorithm is employed to identify individual PPG cycles, and these cycles are then 'stacked' together; cycles are aligned at the systolic peak position. Fig. 8 shows a representative PPG (blue circles, including at least one whole cycle) averaged from eight cycles worth of discrete, discontinuous data. Note that the x-axis is changed to Count, since each frame contains two data points. The sampling frequency = 480 Hz. A 10 th -order polynomial curve was fitted to these data to estimate the continuous PPG. 
D. Synchronization and Feature Extraction
After the polynomial curves for both nodes are calculated, they need to be placed appropriately, or synchronized, relative to one another, in order to complete the PWV calculation. The positioning process depends on two factors related to both nodes: 1) the corresponding peak position (the first peak of the eight cycles) in the time aligned sequence and 2) the delay relative to the expected sequence # based on the results of the linear regression method in Section III.E. Fig. 9 shows the relative position of two polynomial curves after statistical synchronization. To calculate PWV, corresponding features on the rising slope of the two waveforms could be identified toward the use of the time difference extraction approaches used in [7] , which involve taking derivatives of the PPGs. For example, the foot-to-foot and peak-to-peak differences are determined by first finding the roots of the first derivatives and then performing a subtraction (see Fig. 9 ). In this example, three PWV values are estimated as 5.12 m/s at the foot, 5.51 m/s at the inflection point, and 9.47 m/s at the peak.
V. CONCLUSION
This paper presented an application layer scheme for WBANs with sensor nodes that compete for high-speed, real-time communication with the receiver. The lost and wandering frame issue was addressed by assigning a sequence # to each frame and a time-alignment process. The timeline distortion phenomenon was addressed by a ticket generation and consumption mechanism. A linear regression method provided the relative delay when rearranging the frames that provided information for the statistical synchronization of each sensor.
As a demonstrative application for such a WBAN, PWVs were successfully extracted from the received frames. In other research areas such as digital volume pulse (DVP) analysis [9] , the estimated PPGs would help to improve precision, especially in a WBAN scenario.
